Silver nanoparticles (AgNPs) and related products have been widely used in medicine and in commercialized products for their antimicrobial property[@b1][@b2]. Owing to the large-scale production and application of AgNP-related products, however, AgNPs will inevitably enter the environment[@b3][@b4], and pose potential risks to the environment as well as to human health[@b5][@b6]. Many studies have demonstrated the toxic effects of AgNPs in a variety of models, such as in bacteria, mammalian cells and mice[@b7][@b8][@b9]. In a related aspect, the potential ecotoxicity of nanomaterials has become a principal object of research in recent years. For example, Roh *et al*. have investigated the ecotoxicity of AgNPs on the soil nematode *Caenorhabditis elegans* using functional ecotoxicogenomics[@b10]; by comparing the ecotoxicity of bare and coated AgNPs in the aquatic midge *Chironomus riparius*[@b11], they found that the surface coating generally mitigated the toxicity of the nanoparticles. Meanwhile, Hund *et al*. obtained ecotoxicological data for AgNPs with the modified OECD test guidelines[@b12].

Food chain transport is an important consideration for evaluations of the ecological toxicity of engineered nanomaterials (ENMs). There is evidence that ENMs can be transferred between trophic levels of different food chains, such as those of bacteria-protozoa[@b13], bacteria-ciliate-rotifer[@b14], and plant-worm[@b15], and their distribution in predators has been confirmed using various methods. In addition, the trophic transfer of quantum dots has been demonstrated in a simplified invertebrate food web[@b13][@b14]. Another study reported the trophic transfer and biomagnification of gold nanoparticles from tobacco plants to tobacco hornworms[@b15]. These results demonstrate the potential trophic transfer of ENMs and raise the likelihood of human exposure through dietary uptake. Moreover, a few studies have focused on the toxicity of ENMs in food webs. For example, McTeer *et al*. assessed the toxicity and transfer of AgNPs in two model food chain organisms, from green *algae* to grazing *Daphnia*[@b16]. Chen *et al*. reported that nano-TiO~2~ was mildly toxic to *Scenedemus obliquus*, and could be transferred along the aquatic food chain with a biomagnification effect[@b17]. Chae *et al*. suggested the potential toxicological effects of silver nanowires in an aquatic food chain[@b18]. However, the behavior and toxicity of ENMs through food chains is not fully understood, especially the effects of specific nanomaterial properties, or their effects on subsequent generations.

*C. elegans* is a broadly distributed nematode species in soil ecosystems and plays a key role in nutrient cycling. Importantly, it has been widely employed as a test model in toxicology studies from the whole-animal level down to the single-cell level[@b10][@b19]. Moreover, *C. elegans* has a translucent body that can be exploited to observe the distribution of AgNPs in the organ system. Therefore, it is an excellent food chain model to elucidate the potential ecotoxicological effects of AgNPs. Here, we systematically studied the ecotoxicity of AgNPs by following their transfer from *Escherichia coli* to *C. elegans*. We found that a significant number of AgNPs that had accumulated in *E. coli* could be transferred to organisms at a higher trophic level (*C. elegans*). Moreover, the AgNP-treated *E. coli* cells were notably toxic to *C. elegans* in that they disturbed germ cell death and decreased the brood size and lifespan of the nematode. Importantly, we demonstrated that AgNPs accumulated in *C. elegans* through the food chain and that the impairment of germ cells could be transferred to the next generation. Our findings illustrate the potential ecotoxicity of AgNPs that are released into the environment onto food webs.

Results
=======

Characterization of the AgNPs
-----------------------------

The two different-sized AgNPs (25 nm and 75 nm) used in our studies were first characterized using transmission electron microscopy (TEM), and hydrodynamic diameter and zeta potential analyses, under normal and test conditions. The AgNPs were monodispersed in distilled water, with a narrow size distribution ([Fig. 1a](#f1){ref-type="fig"}). However, after incubation in the test medium (Luria Bertani, LB) for 12 h, TEM images showed that the AgNPs had aggregated greatly and that the hydrodynamic diameter had changed to 100--1000 nm. Although AgNP aggregation was extensive in the test medium, there were still some individual nano-sized particles in solution. The AgNP zeta potential was negative in both water and the medium, indicating that the nanoparticles could resist aggregation to some extent ([Fig. 1c](#f1){ref-type="fig"}).

Induction of mutigenerational *C. elegans* germ cell death by AgNPs through the food chain
------------------------------------------------------------------------------------------

The toxicity of AgNPs to *C. elegans* through the food chain was first evaluated using a germ cell death assay, which represents an excellent end-point for toxicity assessment[@b20][@b21]. We first measured the impact of AgNPs on *E. coli*. As shown in [Fig. S1a](#S1){ref-type="supplementary-material"}, *E. coli* growth was not significantly inhibited by either size of AgNPs at the concentrations of 1 and 5 μg/mL, but at the higher concentration of 25 μg/mL, the 25 nm nanoparticles could inhibit bacterial cell growth for up to 6 h post-treatment. However, all AgNP-treated *E. coli* cells reached the same stationary growth after 12 h. There was no significant reduction of colony number in response to AgNP exposure for 12 h ([Fig. S1b](#S1){ref-type="supplementary-material"}). We further investigated the toxicity of AgNPs and Ag^+^ ions on *E. coli* using the flow cytometric method, which indicated that the AgNPs-treated *E. coli* cells used in our trophic transfer studies were mostly alive at the time of feeding to *C. elegans* ([Fig. S1c](#S1){ref-type="supplementary-material"}). When the *C. elegans* worms were fed AgNP-treated *E. coli*, germ cell death of the nematode increased significantly in a dose-dependent manner. The 25 nm AgNPs were more toxic than the 75 nm nanoparticles ([Fig. 2a](#f2){ref-type="fig"}), inducing significant germ cell death even at the lowest dose (1 μg/mL). Relative to the 25 nm AgNPs, the 75 nm nanoparticles did not induce obvious germ cell death until an exposure dose of up to 25 μg/mL. These results confirm that AgNPs could induce *C. elegans* germ cell death, and the smaller AgNPs were more toxic to germ cells than the larger nanoparticles.

The parental generation fed AgNPs-treated *E. coli* showed significant differences in germ cell death compared with the control group. We also performed a post-generation assay to study the toxic effects on subsequent generations that were incubated under AgNPs-free conditions. As shown in [Fig. 2b](#f2){ref-type="fig"}, after removal of the AgNPs from the food chain, we confirmed that damaged F0 generations could transfer these adverse effects to subsequent generations. The gonads of the F1 generation were seriously impaired, and the germ cell death of generations F2 and F3 were higher than that in the control worms. The germ cell death receded gradually up to the F4 generation in the 25 nm AgNPs-treated group, whereas the recovery of germ cell death to normal levels was confirmed in the F3 generation in the 75 nm AgNPs-treated group. The transgenerational effects of the AgNPs may result from the impairment of germ cells caused by the nanoparticles to the parental generation. These results suggest that AgNPs in the food chain are potentially toxic to subsequent generations.

AgNPs induction of germ cell death in *C. elegans* through the food chain is dependent on the accumulation and exclusion of AgNPs by *E. coli*
----------------------------------------------------------------------------------------------------------------------------------------------

We have thus further demonstrated that AgNPs could induce germ cell death in *C. elegans* through the food chain. We hypothesized that this effect was dependent on the accumulation of AgNPs by *E. coli*. To confirm our hypothesis, we first exposed *E. coli* to AgNPs for different times before feeding to *C. elegans*. As expected, AgNPs-treated *E. coli* of early exposure times (≤2 h) had no germ cell death effect for either size of the nanoparticles. *E. coli* cells that had been exposed to AgNPs for 3 h resulted in a significant increase in germ cell death, but only for the 25 nm AgNPs. In the case of 75 nm AgNPs treated group, there was no significant difference in germ cell death relative to the control group up to the exposure time of 12 h ([Fig. 3a](#f3){ref-type="fig"}). However, the toxicity of the two types of AgNPs in *C. elegans* reached a plateau after 12 h, indicating that the amount of AgNPs accumulated in *E. coli* had achieved saturation. After exposure to the AgNPs for 12 h, the *E. coli* cells were separated from the nanoparticles and allowed a clearance period (0--10 h) before being fed to *C. elegans*. There was a depuration-dependent decrease in AgNP toxicity to germ cells, where the 75 nm AgNPs did not induce germ cell death increase after a clearance period of 4 h, whereas the 25 nm AgNPs-treated group needed 8 h of depuration. No obvious increase in germ cell death was observed after 10 h of depuration for both AgNPs groups ([Fig. 3b](#f3){ref-type="fig"}). These results indicate that the 25 nm AgNPs were taken up more easily by the *E. coli* cells, and depuration of the 25 nm AgNPs was slower than that of the 75 nm AgNPs in the food chain.

AgNPs affect the reproduction and life cycle of *C. elegans* through the food chain
-----------------------------------------------------------------------------------

To further confirm that AgNPs are toxic to *C. elegans* through the food chain, we also used brood size, population size and life span as endpoints. Brood size and population size provide an indication of the effects of a potential toxicant on development. As shown in [Fig. 4a,b](#f4){ref-type="fig"}, *C. elegans* fed AgNPs-treated *E. coli* showed a decreased brood size. After removal of the offspring to the AgNPs-free condition, the brood size of the F1 generation (produced from F0 parents fed 5 and 25 μg/mL AgNPs-treated *E. coli*) was also significantly decreased compared with that of the control. Moreover, the population size, which is a consequence of both survival and all the factors that contribute to reproduction at any given time, showed a dose-dependent decrease when *C. elegans* worms were fed AgNP-treated *E. coli* ([Fig. 4c](#f4){ref-type="fig"}). The ability of eliciting a brood size and population size decrease was in the order of 25 nm AgNPs \>75 nm AgNPs, which was similar to the trend for germ cell death. These results indicate that AgNPs, with size-dependent, transferred to *C. elegans* through *E. coli* could induce a serious decrease in the reproduction rate of the parental *C. elegans* and F1 generation.

To investigate the transfer of the toxic effects of AgNPs to the lifespan of *C. elegans*, nematodes were fed *E. coli* exposed to varying concentrations of nanoparticles. As shown in [Fig. 4d](#f4){ref-type="fig"}, size- and dose-dependent effects of the AgNPs on longevity were evident. The sharpest decrease in mean lifespan was observed in worms treated with 25 nm AgNP through the food chain compared with the control worms (8 vs. 19 days) ([Fig. 4e](#f4){ref-type="fig"}). Our results reveal that AgNPs accumulating in species of lower trophic levels are a potential threat to higher trophic levels in the environment.

Accumulation of AgNPs in *E. coli*
----------------------------------

The accumulation of different sizes of AgNPs in the food chain was studied to elucidate the possible mechanism of their toxicity. *E. coli* was cultivated in LB medium with AgNPs for 12 h. TEM analyses showed AgNP uptake into the *E. coli* cells ([Fig. 5a](#f5){ref-type="fig"}). Moreover, energy-dispersive X-ray spectroscopy (EDS) clearly detected Ag in the *E. coli* cells treated with AgNPs. In addition, only small particles or aggregates of AgNPs were found in the cells. Larger aggregates were not internalized in *E. coli*. This was supported by the presence of large aggregates of AgNPs in the surrounding environment of the bacteria ([Fig. S2](#S1){ref-type="supplementary-material"}). To further confirm and quantify the accumulation of AgNPs in *E. coli*, the total Ag content in the cells were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). To avoid the influence of large aggregates precipitating with *E. coli* during the centrifugation washing steps, flow cytometry was used to separate the *E. coli* cells from the large AgNP aggregates. After exposure to 25 μg/mL AgNPs for 12 h, 3 × 10^7^ *E. coli* cells were collected, and the cellular dose of AgNPs in the *E. coli* was found to be 14.25 and 2.95 pg per 10^3^ cells for the 25 nm and 75 nm AgNPs, respectively ([Fig. 5b](#f5){ref-type="fig"}, [Table S1](#S1){ref-type="supplementary-material"}). However, in the AgNO~3~ exposure control (2.5 μg/mL), ICP-AES did not detect any Ag content in the *E. coli* cells (data not shown). The results demonstrate that bacteria accumulate AgNPs from the surrounding medium, leading to a total cellular Ag content that is significantly higher than that in the medium with a volumetric concentration factor[@b13] of 877 and 182 for 25 nm and 75 nm AgNPs, respectively ([Table S1](#S1){ref-type="supplementary-material"}). These data also confirm that the small AgNPs are accumulated more easily than the larger nanoparticles in *E. coli*.

Imaging and quantitation of AgNPs in *C. elegans* through the food chain
------------------------------------------------------------------------

Since *E. coli* could accumulate AgNPs from the aqueous medium, we next investigated whether the AgNPs could be transferred to *C. elegans* through the food chain. *C. elegans* worms at the L4 stage (L4-larvae) were fed with AgNPs-exposed *E. coli*. To detect the food uptake and distribution in specific tissues, the fed worms were first examined using darkfield hyperspectral microscopy. It was obvious that the major uptake site of the AgNPs was the intestinal tract, but some AgNPs had also entered adjacent cells, including surface epithelial cells, intestinal cells, gonad cells, and eggs ([Fig. S3](#S1){ref-type="supplementary-material"}). We further confirmed the intracellular localization of the AgNPs using TEM coupled with EDS. The TEM images revealed that some of the small AgNPs had clearly remained in the digestive lumen, subcutaneous tissue and gonad ([Fig. 6a](#f6){ref-type="fig"}), and EDS verified the AgNPs uptake at the intracellular level. The total Ag uptake of whole *C. elegans* organisms was also measured using ICP-AES analysis. After collecting \~500 *C. elegans* worms fed 25 μg/mL AgNP-treated *E. coli* and digesting them in strong acids, we determined the amount of Ag accumulated in the organisms to be in the range of \~1233 and 346 pg per worm for the 25 nm and 75 nm AgNPs, respectively ([Fig. 6b](#f6){ref-type="fig"}, [Table S1](#S1){ref-type="supplementary-material"}). We also calculated the volume-based and dry-mass-based cellular Ag concentrations, which allowed us to calculate the trophic transfer factor (TTF) ([Table S1](#S1){ref-type="supplementary-material"}). The TTF was defined as the ratio of the Ag concentration in *C. elegans* at final trophic transfer to that in *E. coli* at initial trophic transfer. The TTF values were \<1, indicating that AgNP biomagnification by the *C. elegans* had not occurred.

Notably, after removal of subsequent generations to the AgNPs-free condition, a small amount of Agwas still detected in the F1 generation that had been produced from parents exposed to 25 nm AgNP-treated *E. coli* ([Fig. 6c](#f6){ref-type="fig"}); this may be explained by the presence of AgNPs in the eggs, found using darkfield hyperspectral microscopy ([Fig. S3](#S1){ref-type="supplementary-material"}). This result revealed that the smaller AgNPs had bioconcentrated more easily in *C. elegans*, which was consistent with the results obtained in *E. coli*. These combined data provide strong evidence for the trophic transfer of AgNPs from *E. coli* to *C. elegans* and suggest that differences in the accumulation of the two sizes of AgNPs by *C. elegans* is a likely cause of the observed size-dependent toxicity in this nematode through the food chain.

Discussion
==========

Up to now, there is no doubt that AgNPs exert toxicity to bacteria and other organisms, but little is known of their potential ecotoxicity to the environment, especially of the effects of specific nanomaterial properties. In the present study, we established a simplified experimental food chain using a predator (*C. elegans*) and a bacterial prey (*E. coli*) to investigate the ecotoxicological effects of AgNPs. The exposure concentrations of AgNPs were in the range of 1--25 μg/mL, based primarily on previous studies of AgNPs as antibacterial agents[@b22][@b23]. Our results demonstrated that AgNPs transferred to *C. elegans* through the food chain clearly induced toxicity in the gonad cells, rendering deleterious effects on the reproduction rate and life span of the worms. More importantly, the damage caused by AgNPs could transfer to subsequent generations, affected either directly by the nanoparticles themselves or through impairment of germ cells in the parental generation, highlighting the potential genetic toxicity of AgNPs in the food chain.

The characteristics of AgNPs within the test medium are important factors influencing their toxic exposure in the environment. The dissolution and aggregation behaviors of AgNPs are dependent on surface coating. Polyvinylpyrrolidone (PVP) is an environmentally friendly polymer that stabilizes AgNPs via steric repulsion. PVP-AgNPs are very stable in the environment and are therefore less toxicity to ecological systems[@b24]. Our data showed that AgNP aggregation was extensive after incubation in the test medium for 12 h, but there were still some individual nano-sized particles in solution. We also found only the small-sized AgNPs could be more easily accumulated in *E. coli* ([Fig. 5](#f5){ref-type="fig"} and [Fig. S2](#S1){ref-type="supplementary-material"}). There is evidence that small AgNPs can more easily penetrate gram-negative bacteria than larger AgNPs or AgNPs aggregates. For example, a study by Chamakura *et al*. using TEM combined with elemental analysis showed that AgNPs within a size range of 10--50 nm were not found in gram-negative *E. coli* after 2 h of exposure[@b25]. Using the same method, Yuan *et al*. suggested that AgNPs with sizes between 4 and 10 nm had the ability to gain access beyond the lipid bilayer and enter gram-negative bacteria[@b26]. Although these studies suggested that particle size was a contributing factor to the ability of AgNPs to enter *E. coli*, they have focused mainly on the direct interactions of AgNPs with the organisms. There is little information and only a few reports on the transport of nanoparticles through the food chain[@b27]. In our study, trophic transfer of AgNPs between the bacterial prey and *C. elegans* was observed. Interestingly, only small nanoparticles were found in the subcutaneous tissue, gut lumen and gonad ([Fig. 6](#f6){ref-type="fig"}). Our results demonstrated that the small (25 nm) AgNPs easily penetrated cells of various tissues through the intestinal wall. The tissue-specific distribution of nanomaterials in *C. elegans* has been reported in some direct exposure studies[@b28][@b29]. We have also provided direct evidence of the trophic transfer and intracellular localization of AgNPs. More importantly, the AgNPs that had accumulated in *C. elegans* through the food chain could be transferred to the next generation ([Fig. 6c](#f6){ref-type="fig"}), indicating that AgNP exposure through the food chain can cause toxicity to subsequent generations. However, as shown in [Table S1](#S1){ref-type="supplementary-material"}, AgNPs biomagnification by *C. elegans* is unlikely to occur, with the TTF values being \< 1. Using the blood-worm as a food chain model, Yoo-iam *et al*. have also demonstrated that the food chain transfer of AgNPs occurred only in the lower trophic groups and there was no evidence of biomagnification from food sources to consumers in their simple trophic food chain model[@b30]. As in our model, this may because the depuration rates of *C. elegans* are much greater, or perhaps the period of AgNPs exposure to *C. elegans* may not have been long enough for biomagnification to occur though the food chain, a fact that needs to be further clarified.

Although several studies have examined the short-term acute toxic effects of AgNPs over the past decades, work on the chronic toxicity of AgNPs within lower trophic organisms is limited. In *C. elegans*, aspects of the life cycle, including germ cell death, brood size, population growth rate, and lifespan, all vary as a consequence of food quantity and quality or conditions of environmental stress[@b31]. In order to explore the genotoxicity of AgNPs for *C. elegans* in the food chain, we used germ cell death, brood size, population growth rate, and lifes pan to evaluate two sizes of AgNPs. We showed that 1 μg/mL of 25 nm AgNPs, rather than 75 nm AgNPs, could cause germ cell death and reproduction inhibition and consequently affect the population growth of *C. elegans* ([Figs 2](#f2){ref-type="fig"} and [4](#f4){ref-type="fig"}). Many direct-exposure studies have reported that small AgNPs were more toxic than large particles. For example, Liu *et al*. found that 5 nm AgNPs were more toxic than 20 and 50 nm AgNPs to human cells[@b32]. Wang *et al*. also found that 20 nm PVP-AgNPs induced more cellular toxicity than 110 nm AgNPs[@b33]. Moreover, Gliga *et al*. reported that 10 nm AgNPs were much more cytotoxic than 40 and 75 nm AgNPs to human lung cells. However, there was no difference in toxicity between the 10 nm citrate- and 10 nm PVP-coated AgNPs[@b34]. These results indicated that the toxicity of AgNPs, not only in direct exposure but also through the food chain, was dependent on size. In addition, there was a time effect of AgNPs exposure to *E. coli* in the food chain. We found that germ cell death was induced drastically with the exposure time extended, where the 25 nm AgNPs exerted toxicity to *C. elegans* only after they had been exposed to *E. coli* for 3 h. With regard to the depuration period, the 25 nm AgNPs-treated group also needed the longest time to eliminate the toxic effects of AgNPs, which indicated that it was more difficult for the small-sized AgNPs to be excluded from the *E. coli* cell ([Fig. 3](#f3){ref-type="fig"}). Indeed, the accumulation and depuration of nanoparticles in lower species are more variable, and are related to the surface chemistry and aggregate size of the nanoparticles[@b14]. These results suggest that the exposure and depuration durations should be considered as potentially important factors in the toxicity of AgNPs to *C. elegans* through the food chain.

We also investigated the generational transfer and multigenerational toxicity of AgNPs in *C. elegans*, where we found that only 25 nm AgNPs could be detected in F1 generations. The germ cell death caused by the 25 nm AgNPs was clearly increased in the F2 and F3 generations but then gradually recovered in the F4 generation. Previous reports have suggested that AgNPs could distribute to embryos and modify the embryonic development of vertebrates[@b35][@b36]. There was evidence that nanoparticles, which permeated the gonad of *C. elegans*, could be passed to the next generation and exert potentially toxic effects on their postembryonic development[@b19][@b28]. A recent study has revealed that AgNPs (10 nm) could significantly reduce the lifespan of parent nematodes (F0) as well as those of 3 subsequent generations (F1--F3)[@b37]. These phenomena may be due to the AgNPs that had accumulated in *C. elegans* through the food chain and the resulting transfer of impaired germ cell.

Although there is no doubt that the Ag ions can be released from AgNPs, there is no conclusive answer to date on the exact source of the AgNPs-mediated toxicity: that is whether the toxicity is due to particle-specific effects or released Ag ion effects. Previous studies have shown that Ag ions govern the toxicity of AgNPs towards bacteria[@b22]. Yang *et al*. reported that AgNPs toxicity was dependent on released Ag ions and AgNPs with higher Ag release were more toxic to *C. elegans*[@b38]. In our experiment, the amount of Ag released into solution after 12 h incubation of AgNPs in the test medium was 1 μg/mL, which is 4% of that released from 25 μg/mL AgNPs added ([Fig. S4a](#S1){ref-type="supplementary-material"}). In order to investigate whether the released Ag ionic species could cause toxicity in the food chain, the *E. coli* was exposed to 2.5 μg/mL AgNO~3~ (representing 10% of Ag released from 25 μg/mL of AgNPs) and then fed to *C. elegans*. There was no significant effect on the germ cell death of *C. elegans* through the food chain ([Fig. S4b](#S1){ref-type="supplementary-material"}), suggesting that the toxic effects were not related to Ag ion release. We also observed that large aggregates of AgNPs that had formed in the LB medium would coprecipitate during *E. coli* collection. These large aggregates may be toxic to *C. elegans* through direct interactions. However, we found that germ cell death was not significantly different between large-aggregate-treated *C. elegans* and the controls ([Fig. S4c](#S1){ref-type="supplementary-material"}). Therefore, we confirmed that all toxic effects towards *C. elegans* were directly due to the AgNPs transferred by *E. coli* through the food chain. Overall, our results clearly showed that AgNPs could sizd-dependently be accumulated though the food chain and cause toxicity to high trophic levels.

Methods
=======

Preparation and characterization of AgNPs
-----------------------------------------

Two different sized AgNPs were investigated in our study. The 25 and 75 nm PVP BioPure^TM^ AgNPs were obtained from NanoComposix, Inc. (San Diego, CA, USA) in the form of stock dispersions (5 mg/mL, PVP coated). The morphology of the AgNPs was observed using transmission electron microscopy (TEM, JEM-2011, Japan). The hydrodynamic diameter and zeta potential of the AgNPs were characterized using a Zetasizer (Malvern Nano series, Malvern, UK).

*C. elegans* culture conditions
-------------------------------

Wild-type N2 *C. elegans* worms maintained in our laboratory were obtained from the Caenorhabditis Genetics Center (CGC, University of Minnesota, USA) and were maintained at 20 °C on a standard nematode growth medium (NGM) with living *Escherichia coli* OP50 bacteria as a food source. All manipulations of *C. elegans* were carried out according to the standard procedures.

*E. coli* exposed to AgNPs and fed to *C. elegans* in the food chain experiment
-------------------------------------------------------------------------------

To investigate the uptake and transfer of AgNPs in a food chain, we examined a simplified invertebrate food chain using *C. elegans*, and *E. coli* strain OP50 was chosen as the food source. First, *E. coli* OP50 was cultured in 5 ml of LB medium overnight (37 °C, 200 rpm). Then, 200 μL of the *E. coli* that had been cultured overnight was added to 10 mL of LB with different concentrations of AgNPs (0, 1, 5, 25 μg/mL) and was incubated at 37 °C for 12 h at 200 rpm. After being exposed for 12 h, treated *E. coli* were collected at 5000 rpm for 5 min at 4 °C and were then washed 3 times with deionized water. The final pellets were resuspended into 1 mL of deionized water. Then, an aliquot (100 μL) of the collected *E. coli* was dropped onto the surface of NGM plates (35 mm dishes). The plates were dried at 20 °C to evaporate the moisture from the NGM medium. Then, worms were placed onto NGM plates seeded with treated *E. coli* and were incubated at 20 °C until the toxicity assays were performed.

Germ cell death, brood size, population size and lifespan assays for the assessment of AgNP toxicity Germ cell death assay
--------------------------------------------------------------------------------------------------------------------------

Germ cell death was measured using acridine orange (AO, Sigma)[@b39]. L4 larvae (50--60) were fed AgNP-treated *E. coli* for 24 h. Then, the treated worms were strained into 500 μL of AO (25 μg/mL) for 1 h in the dark at 20 °C. They were then transferred to a new NGM plate and allowed to recover for 40 min on bacterial lawns. Dead cells stained positive for AO were counted using an Olympus IX71 fluorescence microscope (Olympus, Japan).

Brood size assay
----------------

The procedures for brood size assay were conducted as described previously[@b40]. Wild-type L1 larvae were fed AgNP-treated *E. coli* and were subsequently transferred onto a new plate with treated *E. coli* every day. The number of newly hatched larvae was counted. This procedure was repeated until the mother worms stopped laying eggs. The brood size was calculated by combining the numbers of hatched larvae.

Population size assay
---------------------

Population growth was measured according to a method described in a previous report[@b31]. In brief, 20 randomly selected worms were individually placed on an NGM plate seeded with AgNP-treated *E. coli*. The population that grew from these individual worms was assessed from 5 to 9 days.

Life span assay
---------------

The same AgNP-treated *E. coli* feeding procedures were followed for the life span assay. Every day, worms were transferred to a new AgNP-treated *E. coli* plate and until it could be confirmed that they were dead, i.e., when they would not respond to being tapped with a pick.

Observation of AgNP distribution in the food chain
--------------------------------------------------

*C. elegans* with AgNPs were imaged using hyperspectral imagery with enhanced darkfield microscopy (CytoViva, Inc.) as previously described[@b41][@b42]. A high-resolution darkfield condenser was directly positioned on a glass slide upon the work stage with an immersion solution and was focused until a donut ring-type light pattern was obtained. All the images were captured using a CCD camera (Olympus BX51, Japan).

AgNP distribution in the *E. coli* and *C. elegans* was also confirmed using TEM equipped with energy dispersive spectroscopy (EDS). After being exposed to AgNPs, *E. coli* cells and *C. elegans* were collected and fixed with 2.5% glutaraldehyde. Then, the samples was washed 3 times with 0.1 M phosphate buffer and postfixed with 1% osmium tetroxide in phosphate buffer. The fixed samples were then dehydrated in ethanol and embedded in Epon 812 resin. The resin specimens were sectioned using an ultramicrotome with a diamond knife. The thin sections were observed using TEM equipped with EDS.

Calculations of the concentration of the total Ag used in the food chain experiment
-----------------------------------------------------------------------------------

To avoid the influence of large aggregates precipitating with *E. coli* during the centrifugation washing steps, flow cytometry was used to separate the *E. coli* from the AgNP suspensions. *E. coli* OP50 expressing a GFP (OP50-GFP, from CGC) were used in the AgNP treatment. After exposure, the OP50-GFP cells were washed 3 times with deionized water. The final pellets were resuspended in deionized water. The flow cytometry procedure was modified according to a previous description[@b43]. In brief, a laser output power of 0.5 W was used for measuring forward scatter (FSC), side scatter (SSC) and green fluorescence intensity (FL1). For sorting out the OP50-GFP cells, a 488 nm argon laser was used for excitation. The drop drive frequency was set to \~26 kHz, and the system threshold rate was kept under 8000 s^−1^. Finally, 3 × 10^7^ *E. coli* were collected for each sample. The collected samples were acidified with 10% HNO~3~ and allowed to digest at 37 °C overnight prior to the quantification of silver concentration by inductively coupled plasma mass spectrometry (ICP-AES, PlasmaQuad3, VG Elemental). For quantitation of the total Ag in the *C. elegans*, the worms were fed AgNP-treated *E. coli* OP50. After the indicated times, 500 worms were selected and analyzed using ICP-MS.

The method used for the calculation of the trophic transfer factor (TTF) was modified according to a previous study[@b13]. The total masses of Ag out of the mass of the counted organisms, the *E. coli* and worms, were measured using ICP-AES. Ag mass per cell or worm was determined by dividing these values by the organism count in each sample. Volume-based cellular Ag concentrations were then calculated by dividing the Ag mass per organism by the organism volume. The volumes of the *E. coli* and worms were 0.65 μm^3^ and 5 × 10^6^ μm^3^, respectively, as reported in the literature[@b44][@b45]. *E. coli* dry mass (0.71 pg) was calculated by multiplying the cell volume (0.65 μm^3^) by cell density (1.09 mg/μL)[@b46]. For the worms, a cellular dry mass of 5 μg was estimated from 1000 worms using a microbalance. TTF was determined as the worm: *E. coli* ratios of cellular Ag concentrations on a volume basis and on a dry mass basis, where cellular Ag concentration of *C. elegans* was Ag in *C. elegans* at final trophic transfer experiment (*C.ele* 5d in [Table S1](#S1){ref-type="supplementary-material"} indicated Ag concentration in worms which fed with AgNPs-treated *E. coli* for 5 days), and cellular Ag concentration of *E. coli* was Ag in *E. coli* at initial trophic transfer experiment (*E. coli* exposed to AgNPs for 12 h and fed to *C. elegans* to start trophic transfer experiment was defined *E. coli* 0 h in [Table S1](#S1){ref-type="supplementary-material"}). The two TFFs (volume and dry mass based) for each treatment differed by less than 10%, and an average was obtained.

Statistical analysis
--------------------

All the results are expressed as the mean ± SD. One-way analysis of variance (ANOVA) was used to analyze the mean differences among groups compared with the control groups, and two-way ANOVA was used to compare the mean differences between groups. The criterion for statistical significance was *p* \< 0.05.
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![Characterization of AgNPs in water or LB medium.\
(**a**) Transmission electron microscopy (TEM) images of dispersed AgNPs in water or cultured in LB for 12 h. Scale bars equal 200 nm in water and 100 nm in LB. (**b**) The size distribution of AgNPs dispersed in water or LB medium as determined using dynamic light scattering (DLS). (**c**) Zeta potential of AgNPs in water or LB medium.](srep36465-f1){#f1}

![AgNPs induced germ cell death in *C. elegans* for all generations through the food chain.\
(**a**) Germ cell death in parental *C. elegans* induced by 25 nm and 75 nm AgNPs at concentrations of 1, 5 and 25 μg/mL through the food chain for 24 h. (**b**) Germ cell death in parental *C. elegans* induced by two size AgNPs at 25 μg/mL through the food chain transferred to subsequent generations (F1--F3). Only F0 was fed AgNPs-treated *E. coli* for 24 h. Subsequently, that F0 was moved to AgNPs-free NGM with fresh *E. coli* and allowed to reproduce next generations (F1 to F4). For the germ cell death assay in each generation, more than 20 *C. elegans* were screened in more than three independent experiments. The error bars indicate SD. Significant difference (\*\**p* \< 0.01) from control, significant difference (^\#\#^*p* \< 0.01) between 25 nm and 75 nm AgNPs-treated group.](srep36465-f2){#f2}

![(**a**) Duration of *E. coli* exposure to AgNPs (25 μg/mL) on the induction of germ cell death in *C. elegans* through the food chain. At the indicated times, AgNPs-treated *E. coli* were collected to remove free AgNPs and were fed to *C. elegans* for 24 h. Then, the germ cell death in *C. elegans* was counted. (**b**) Depuration of AgNP-treated (25 μg/mL) *E. coli* cultured in NPs-free medium on the induction of germ cell death in *C. elegans* through the food chain. *E. coli* were cultured in LB containing 25 μg/mL AgNPs for 12 h. Then, the *E. coli* were collected to remove the AgNPs and re-cultured in AgNPs-free LB medium for the indicated times. Next, the *E. coli* were collected and fed to *C. elegans* for 24 h. Then, the germ cell death in *C. elegans* was counted. Significant difference (\*\**p* \< 0.01) from control, significant difference (^\#\#^*p* \< 0.01) between 25 nm and 75 nm AgNPs-treated groups.](srep36465-f3){#f3}

![Comparison of the toxicological effects of AgNP to *C. elegans* through the food chain.\
(**a**) Brood size assay in F0 generation. The F0 generation was fed with AgNPs-treated *E. coli*. At least 20 *C. elegans* were used in each group, and they were transferred to new plates every 48 h until reproduction ceased. The number of larvae was counted. This assay was performed in three independent experiments. (**b**) Brood size assay in F1 generation. F1 generation was treated under AgNPs-free condition. (**c**) Population growth. The population size on days 5 to 9 of worms fed *E. coli* treated with different sized AgNPs; 20 worms were used in this assay. (**d**) Life span assays. Worms were grown on NGM plates with AgNPs-treated *E. coli*. The mortality of each group was determined by counting the numbers of live and dead animals daily. The number of *C. elegans* used in each group was 60, and three independent experiments were performed. (**e**) The mean life span of the *C. elegans* in each group was calculated from the survival curves in d. Significant difference (\*\**p* \< 0.01) from control, significant difference (^\#\#^*p* \< 0.01) between 25 nm and 75 nm AgNPs-treated group.](srep36465-f4){#f4}

![Accumulation of AgNPs in *E. coli*.\
(**a**) TEM analysis of the intracellular distribution of 25 nm AgNPs within *E. coli* treated with 25 μg/mL for 12 h (Left). Scale bar equals 400 nm. EDS spectra for the AgNPs in *E. coli* (Right). (**b**) Uptake of AgNPs by *E. coli*. After exposure to 25 μg/mL AgNPs for 12 h, 3 × 10^7^ *E. coli* cells were collected by flow cytometry, and the cellular dose of AgNPs in the *E. coli* was measured using ICP-AES.](srep36465-f5){#f5}

![Uptake and accumulation of AgNPs in *C. elegans* through the food chain.\
(**a**) TEM images of intracellular localization of AgNPs in *C. elegans* fed AgNPs-treated *E. coli* included the subcutaneous tissue, gut lumen, and gonad. The red arrows indicate AgNPs. (**b**) Accumulation of AgNPs in *C. elegans* through the food chain. After being fed AgNP-treated *E. coli* for 10 d, 500 worms were selected, and the cellular dose of AgNPs in *C. elegans* was measured using ICP-AES. (**c**) AgNPs that had accumulated in *C. elegans* through the food chain were passed down from parent to the offspring. Data are shown for the F0 generation fed AgNP-treated *E. coli* and generations F1 to F4 fed *E. coli* not treated with AgNPs. On average, more than 500 *C. elegans* were collected from generations F0 to F4, and total Ag content was determined using ICP-AES in two independent experiments. The error bars indicate SD.](srep36465-f6){#f6}
